Floodplain storage commonly represents one of the largest sediment fluxes within sediment budgets. In watersheds responding to large scale disturbance, floodplain-channel lateral connectivity may change over time with progression of channel evolution and associated changes in channel geometry. In this study we investigated the effects of channel geometry change on floodplain inundation frequency and flux of suspended sediment (SS) and total phosphorus (TP) to floodplain storage within the 52.2 km2 Walnut Creek watershed (Iowa, USA) through a combination of 25 in-field channel cross section transects, hydraulic modeling (HEC-RAS), and stream gauging station-derived water quality and quantity data. Cross sectional area of the 25 in-field channel cross sections increased by a mean of 17% over the 16 year study period (1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014), and field data indicate a general trend of degradation and widening to be present along Walnut Creek's main stem. Estimated stream discharge required to generate lateral overbank flow increased 15%, and floodplain inundation volume decreased by 37% over study duration. Estimated annual fluxes of SS and TP to floodplain storage decreased by 61 and 62% over study duration, respectively. The estimated reductions in flux to floodplain storage have potential to increase watershed export of SS and TP by 9 and 18%, respectively. Increased contributions to SS and TP export may continue as channel evolution progresses and floodplain storage opportunities continue to decline. In addition to loss of storage, higher discharges confined to the channel may have greater stream power, resulting in further enhancement of SS and TP export through accelerated bed and bank erosion. These increased contributions to watershed loads may mask SS and TP reductions achieved through edge of field practices, thus making it critical that stage and progression of channel evolution be taken into consideration when addressing sediment and phosphorus loading at the watershed scale. . "Changes in lateral floodplain connectivity accompanying stream channel evolution: Implications for sediment and nutrient budgets." Science of The Total
H I G H L I G H T S
• Channel-floodplain connectivity was quantified using field data and hydraulic modeling. • Stream channel cross sectional area in-creased~17% over a 16 year period. • Fluxes of sediment and phosphorus to floodplain storage decreased with increased channel conveyance. • Sediment and nutrient budgets should account for the impacts of channel evolution on floodplain storage.
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Introduction
Lateral hydrologic connectivity between a stream channel and its floodplain (i.e., frequency and degree of floodplain inundation through lateral overbank flow) represents a vital pathway for the transfer and exchange of energy and materials between aquatic and terrestrial ecosystems (Junk et al., 1989; Tockner et al., 1999) . This link has significant impacts on the life cycle and functioning condition of aquatic (Phelps et al., 2015) and terrestrial biota (Allen et al., 2016; Kaase and Kupfer, 2016; Batzer et al., 2018) . Lateral connectivity provides a myriad of ecosystem services for society as well, notably the detention of flood waters (Tockner and Stanford, 2002) , and the trapping and storage of sediment and nutrients delivered with inundating overbank flow (Venterink et al., 2003; Noe and Hupp, 2009; Hopkins et al., 2018) .
Floodplain storage has been documented as a significant component of watershed sediment budgets (Walling et al., 1998) , especially in systems experiencing aggradation in response to disturbance (Trimble, 1983) . Floodplains have also been documented to store significant amounts of phosphorus (P) entering from inundating overbank flows (Kronvang et al., 2007) , as P often moves in association with sediment. In addition to P, floodplains play an important role in the storage and cycling of nitrate within watersheds (Forshay and Stanley, 2005) . Nitrate removal through denitrification within floodplain soils may be impacted by frequency and duration of floodplain inundation and spatial patterns of overbank sediment deposition (Orr et al., 2007; Pinay et al., 2000) . Thus, the degree of lateral channel-floodplain connectivity may have important implications for sediment and nutrient budgets, as well as export, at the watershed scale.
A hydrologic separation between the channel and floodplain frequently occurs when changes in channel geometry increase channel conveyance. This change can occur naturally over millennia (e.g., following climatic shifts) or rapidly as a response to anthropogenic disturbance (e.g., channelization, landcover conversion). A significant body of work within unglaciated portions of southwest Wisconsin and northwest Illinois, USA, documented decreases in lateral channelfloodplain connectivity following landscape conversion-driven increases to channel cross sectional area (Knox, 2006 (Knox, , 1987 (Knox, , 1977 Lecce, 1997; Magilligan, 1985; Woltemade, 1994) . In addition to reduced rates of floodplain sediment accretion, Knox (1987) reported the observed changes in channel morphology led to a near doubling of the discharge required to produce lateral overbank flow. Similar decreases in lateral connectivity following landcover conversion-driven changes to channel morphology were reported in the Georgia Piedmont, USA, as well (Ruhlman and Nutter, 1999) . Despite the documented link between channel morphology and channel-floodplain lateral connectivity, consideration of morphological change is often absent from river basin management efforts, especially flood risk assessment (Lane et al., 2007; Raven et al., 2010; Sear et al., 1995) .
In alluvial channels, response to disturbance may occur through a relatively consistent pattern of adjustments collectively known as the channel evolution model (CEM) (Schumm et al., 1984; Simon, 1989) . These adjustments are frequently initiated by an increase in stream power and/or decrease in sediment supply relative to previous conditions. The initial response is for the channel to incise (referred to as stage III), followed by subsequent stages of degradation and widening (IV), and aggradation and widening (Stage V) before returning to relative stability (stage VI). It should be stated, however, that the CEM response is not universally applicable to all fluvial systems (Duvall, 2004; Stark, 2006) , and that factors such as bed sediment dynamics and channel boundary conditions may influence a system's response to disturbance (Baker, 1977; Kondolf et al., 2002) . Nevertheless, channel instability in alluvial systems and the CEM response hold global significance (Surian and Rinaldi, 2003; Wasson et al., 1998) . Regionally, several studies from the U.S. Midwest (Schilling and Wolter, 2000; Palmer et al., 2014; Beck et al., 2018; Zaimes et al., 2004; Belmont et al., 2011; Midgley et al., 2012; Tufekcioglu et al., 2012; Willett et al., 2012) have documented unstable in-channel conditions (e.g., channel incision, streambank erosion) that suggest regional streams are experiencing adjustment-driven increases in cross sectional area.
If all else remains equal, the adjustment-driven increase in channel cross sectional area should lead to a corresponding increase in the maximum discharge that can be contained within the channel. We'll refer to this discharge as Q t , as it is the threshold discharge above which portions of the floodplain may become inundated (i.e., bankfull discharge). A preliminary estimate of the magnitude of change in Q t accompanying a change in channel cross sectional area may be outlined using a strategy similar to that of (Moody et al., 1999) . Suppose that the depth d of an evolving channel changes by a factor of λ, (so that d 2 = λd 1 ) and width w changes by a factor θ (so that w 2 = θw 1 ) between two observations, time 1 and time 2. According to Manning's equation (Q = n −1 d 5/ 3 wS 1/2 ), the ratio of thresholds discharges between time 2 and time 1 is:
assuming no change in channel roughness (n) or gradient (S). From this equation, a hypothetical 10% increase in channel depth (λ = 1.1) and a 10% increase in channel width (θ = 1.1) would lead to a nearly 29% increase in threshold discharge (1.1 × 1.1 5/3 = 1.289). This estimate, however, assumes uniform and steady flow, which may be a poor approximation in real streams, particularly those that exhibit flashy hydrology. It nevertheless suggests that relatively small changes in channel cross-sectional area could have substantial effects on the discharge necessary to access the floodplain.
If floodplain inundation frequency and extent decrease as a channel enlarges as it progresses through stages III-V, a significant reduction in floodplain storage of suspended sediment (SS) and total phosphorus (TP) may occur. This reduction in floodplain storage is of importance, as it may lead to increases in watershed-scale SS and TP export. Thus, proper understanding and inclusion of geomorphological processes, such as changes in channel geometry, is critical when developing budgets and allocating sources and sinks of SS and TP at the watershed scale. Despite this, proper understanding and inclusion of geomorphological processes is frequently lacking in watershed-scale budgets (Reid and Dunne, 2003) . In addition, studies that investigate floodplain inundation dynamics and flux of SS and TP to floodplain storage at the watershed scale are rare, due in part to the complexity of floodplainchannel interactions and computational effort required for modeling at that respective scale (Nicholas et al., 2006) . Because of this, a great need exists for both practical, simplistic tools to investigate and quantify channel-floodplain lateral connectivity at the watershed scale (Newson and Large, 2006; Soar et al., 2017) and the utilization of these tools to address watershed scale sediment and TP dynamics.
For this study, we seek to estimate watershed-scale overbank flow dynamics and flux of SS and TP to floodplain storage in the context of channel evolution. We utilize a combination of in-field channel cross section measurements, hydraulic modeling, and stream gauging station-derived water quality and quantity data to investigate changes in floodplain inundation and storage over a 16 year period in Walnut Creek, Iowa, USA. We hypothesize that the increased channel cross sectional area should increase the bankfull capacity of the channel. Without a corresponding increase in the duration of high-discharge events, this should reduce frequency of floodplain inundation and therefore reduce opportunities to store sediment and nutrients on the floodplain.
Our specific study objectives were to: 1) characterize channel geomorphic change along~10 km of alluvial stream channel over a 16 year period; 2) estimate the effects of channel geomorphic change on overbank flow parameters and lateral channel-floodplain connectivity at the watershed scale; 3) estimate the effects of channel geomorphic change on flux of suspended sediment and total phosphorus to floodplain storage at the watershed scale, and 4) assess the implications of channel geomorphic change on watershed-scale SS and TP export.
Materials and methods

Study area
Watershed description
Walnut Creek is a perennial, third order stream draining 52.2 km 2 in Jasper County, Iowa, USA (Fig. 1 ). The Walnut Creek watershed is located in the Rolling Loess Prairies Level IV Ecoregion (47f), a region typified by rolling topography and well-developed drainage systems (Griffith et al., 1994) . Walnut Creek is located within a humid, continental region with average annual precipitation of approximately 750 mm. The mean annual flood (2.33 year recurrence interval) from records at the watershed outlet gauging station is 30.5 m 3 s −1 , and the 5-year flood is approximately 37.1 m 3 s −1 based on 22 years of record . Watershed land use consists of 54% rowcrop agriculture (primarily corn-soybean rotation), 36% grassland, and 4% forest, with the remainder comprising roads, farmsteads, and urban areas . Of the grassland area, 25.4% is recently restored tallgrass prairie established by the U.S. Fish and Wildlife Service (USFWS) as part of the Neal Smith National Wildlife Refuge (NSNWR).
Since refuge creation in 1991, large tracts of row crop agricultural land have been converted to native tallgrass prairie.
Watershed soils are primarily silty clay loams, or clays formed in loess or till. The upland surficial geology is comprised of a 1-6 m loess cap overlaying pre-Illinoian glacial till, with Holocene alluvial deposits being comprised primarily of silty clay loams, clay loams, or silt loams (Schilling et al., 2009) . A majority of watershed soils exhibit moderate to high erosion potential, with 54% being classified as highly erodible (Schilling and Thompson, 2000) .
Channel and floodplain characteristics
The Walnut Creek channel is incised N3 m into its floodplain and is typified by tall, cohesive (i.e., N15% clay content) streambanks (Photo 1). The effects of historic agricultural-associated practices such as row crop conversion, stream straightening, subsurface drainage, and removal of riparian vegetation (Schilling and Wolter, 2000; Schilling et al., 2011) , have led to a flashy hydrology, with Walnut Creek frequently exhibiting rapid responses to precipitation. Several stages of stream channel evolution have been documented through~20 years of channel cross sectional measurements initiated by Schilling and Wolter (2000) , with areas of Stage III (degradation), Stage IV (degradation and widening), and Stage V (aggradation and widening) present (Simon, 1989) . Field observations indicate Stage IV as the most prevalent along Walnut Creek's main stem (Photo 2).
Walnut Creek's floodplain is comprised of a series of loess-derived Holocene alluvial deposits, collectively known as the DeForest Formation (Bettis, 1990) . Three primary members of the DeForest Formation comprise the vertical profile of Walnut Creek's floodplain. The Gunder member occupies the lowest stratigraphic position at depths of 1-3 m (Schilling et al., 2009 ) and commonly comprises the streambank toe and streambed. The Gunder has been classified as a silt loam with massive structure, and exhibits a greater bulk density (1.6 g cm −3 ) and sand content (28.5% by weight) relative to the other members (Beck et al., 2018) . The Roberts Creek member (silty clay loam) overlies the Gunder, and represents the pre-European-American settlement landscape surface (Bettis et al., 1992) . The Camp Creek member overlies the Roberts Creek and represents the upper stratigraphic position (i.e., floodplain surface). Camp Creek was deposited during the last~400 years (Bettis et al., 1992) , and is typically referred to as 'post-European-American settlement alluvium'. Camp Creek is described as a silt loam, and ranges in thickness from 0.6 to 1.8 m (Schilling et al., 2009) . Distribution, stratigraphic position, thickness, and inherent soil characteristics (e.g., texture, bulk density) of the Camp Creek, Roberts Creek, and Gunder members have been documented as being consistent throughout the watershed (Schilling et al., 2009) .
Monocultural expanses of reed canary grass (Phalaris arundinacea) dominate the current vegetative cover of Walnut Creek's floodplain. (Salix nigra Marsh.). Along the outer floodplain fringe, landcover transitions to a mixture of row crop agriculture (i.e., corn-soybean rotation) and re-established native tallgrass prairie with increasing floodplain surface elevation.
Field measurements
During October 1998, researchers traversed~10 km of Walnut Creek's main stem and established a series of 25 stream channel cross section transects (Schilling and Wolter, 2000) (Fig. 1 ). Transects were spaced every~300 to 400 m, with locations selected to represent the range of channel form (e.g., meandering, straight) and condition (e.g., erosion activity, bed material) present in Walnut Creek. Cross sectional dimensions were measured by stretching a meter tape across the top of banks, perpendicular to the channel, and using a survey rod to record lateral distance along the tape and depth from the tape to the channel walls and streambed. Length-depth readings were recorded at each significant break in slope, as well as left and right edges of water and at the thalweg. End points for the cross-section locations were established using GPS-technology. During October 2014, transect locations were revisited and cross sectional dimensions measured using the identical rod-tape method.
Evaluation of channel-floodplain lateral connectivity
HEC-RAS models
Walnut Creek floodplain inundation frequency, discharge, and extent for the years 1998 and 2014 were quantified through creation of a pair of Hydrological Engineering Center River Analysis 5.0.1 (HEC-RAS) models (Brunner, 2016) . HEC-RAS is a hydraulic model that uses the one-dimensional energy equation to calculate water surface elevations at a series of channel cross sections for given river discharge values. HEC-RAS was deemed an effective means of quantifying channel-floodplain connectivity as its outputs include floodplain inundation depth (m), velocity (m s −1 ), and discharge (m 3 s −1 ) at individual channel cross sections, as well as cumulative floodplain inundation volume (m 3 ) and areal extent (m 2 ) for river reaches as a whole. The overbank flow duration outputs generated by HEC-RAS were used as a means to quantify change in floodplain SS and TP storage in light of the lack of widespread depositional field data available to researchers at time of study.
Individual HEC-RAS models were created for the years 1998 and 2014. Both models entailed merging respective field cross section transects with a 3 m digital elevation model (DEM) derived from 2010 aerial LiDAR. Lateral extents of field cross section transects were increased to span the entire left and right overbank floodplains. Models represented the entire~10 km study length of Walnut Creek's main stem, which was divided into 7 individual reaches based on confluences with significant tributaries (Fig. 1 ). Reaches ranged in length from 264 to 2408 m. Inclusion of tributary flow allowed for 100% of watershed contributing area to be accounted for within the models. Manning's roughness coefficient (n) inputs for channel cross sections and floodplain areas were determined using an additive method outlined in Arcement and Schneider (1989) . For both models, roughness coefficient (n) values ranged from 0.067 to 0.095 (floodplain) and from 0.041 to 0.064 (channel), with individual assignments based on in-field knowledge of floodplain and channel conditions (i.e., field notes, photographs). Model simulations were conducted under steady flow conditions (i.e., no change in discharge with time at individual cross sections) and subcritical (i.e., Froude number b 1.0) flow regimes.
HEC-RAS requires stream discharge inputs for each individual channel cross section. Discharge inputs for this study were derived from United States Geological Survey (USGS) and United States Department of Agriculture Agricultural Research Service (USDA-ARS) sub-hourly discharge data collected at the watershed outlet gauging station ( Fig. 1 ). Sub-hourly discharge data were averaged to an hourly time series, and then used to create a flow duration curve (FDC) for the data availability period . FDCs display the percent of time that a particular stream discharge is exceeded over a given time period (Vogel and Fennessay, 1994) . A mean hourly discharge time series was utilized to best capture rapid stormflow peaks characteristic of Walnut Creek's flashy hydrology. Mean hourly discharges were scaled from the watershed outlet gauging station to individual cross sections using discharge-drainage area relations (Biedenharn et al., 2000; Linhart et al., 2012) . Discharge-drainage area estimates of cross-section discharge were validated using the FDC of Walnut Creek's upstream gauging station.
Overbank threshold discharge
A range of higher-discharge (~10 to 71 m 3 s −1 ) stream flows were selected from the overall FDC and used as HEC-RAS inputs in an exploratory effort to identify overbank discharge thresholds for all individual cross sections in both models. The overbank threshold discharge for an individual channel cross section was defined as the discharge required to initially force streamflow to exit the channel and enter the floodplain on at least on side of the channel. Authors recognize that floodplain inundation could occur via saturation-overland flow from adjacent upland areas, however, for the purposes of this study we consider SS and TP flux to the floodplain to occur only when a direct hydraulic connection between channel and floodplain exists.
Threshold determination for each cross section was achieved through visual and numerical interpretation of HEC-RAS outputs. Visual determination was accomplished via RAS Mapper, a HEC-RAS feature which allows for aerial imagery to be overlain with simulated overbank flow extent. Numerically, overbank flow was determined to occur when discharge cross sectional area (m 2 ) exceeded that of channel cross sectional area (m 2 ). Threshold discharges were determined for both individual cross sections, as well as at the watershed-scale. Three watershed-scale thresholds were calculated for each model, and were represented by the watershed outlet mean hourly discharge: 1) stream discharge required to produce overbank flow at 100% of cross sections (hereafter referred to as maximum discharge), 2) stream discharge required to produce overbank flow at the majority (i.e., N50%) of cross sections (hereafter referred to as majority discharge), and 3) stream discharge at which only one cross section remains overbank (hereafter referred to as minimum discharge).
Floodplain storage
Floodplain storage quantification was initiated by selecting a range of watershed outlet FDC-derived discharge values as HEC-RAS inputs (Table 1) . Selected discharges approximated the previously determined range of minimum to maximum overbank threshold discharges, and were thus deemed adequate to investigate change in overbank thresholds between years. In the HEC-RAS models, input discharge values were associated with a respective FDC-derived percent exceedance. Hereafter, these specific combinations of discharge and percent exceedance will be referred to as discharge profiles. HEC-RAS numerical outputs allow for quantification of longitudinal floodplain discharge (m 3 s −1 ), floodplain inundation areal extent (m 2 ), and floodplain inundation volume (m 3 ) at individual cross sections for specific discharge profiles. Individual cross section results were summed to estimate overbank values for each stream reach, as well as the entire main stem floodplain of Walnut Creek. Suspended sediment and TP rating curves were developed using all available USDA-ARS stormflow grab sample data (n = 74) collected during event-based sampling at the watershed outlet stream gauging station between 2008 and 2017. The predictive equations were used to estimate SS and TP concentrations for all HEC-RAS discharge profiles. These concentrations were applied to floodplain inundation volumes to estimate flux of SS and TP from channel to floodplain for each discharge profile using the equation:
where S fp is mass flux to floodplain storage (Mg), n is number of discharge profiles, E is the floodplain trapping efficiency, c i is concentration at discharge profile i (kg m −3 ), Q i is stream discharge at discharge profile i (m 3 s −1 ), Q t as before is overbank threshold discharge (m 3 s −1 ), w is channel width (m) and f is width of inundated floodplain (m). To estimate the percentage of overbank flux that entered floodplain storage, a floodplain trapping efficiency component (E) was applied to all overbank SS and TP fluxes using the equation:
where, E is the floodplain trapping efficiency, ω is particle settling velocity (mm s −1 ), and A is the areal extent of floodplain inundation (m 2 ). The estimate of trapping efficiency was based on the method introduced by Chen (1975) , which has been successfully utilized in other floodplain sedimentation studies (Asselman and Van Wijngaarden, 2002; Narinesingh et al., 1999) . Particle settling velocity was estimated using the relationship developed by Thonon et al. (2005) :
where D is particle diameter (μm), and a (2.7 × 10 −4 ) and b (1.57) are constants. The Thonon equation was selected because it utilizes a single representative grain size. As suspended sediment grain size distribution data was unavailable at time of study, researchers used the Camp Creek median grain size (D 50 ) of 30 μm (Beck et al., 2018) as the representative suspended sediment grain size. As mentioned in Section 2.1.2, Camp Creek represents the uppermost stratigraphic floodplain unit. Although grain size distribution of deposited sediment may differ significantly from the grain size distribution of SS, the Camp Creek D 50 was deemed the best available estimate for the current study. The selected representative grain size of 30 μm falls within a range that has been successfully used for the same purpose in other floodplain sedimentation studies (Asselman, 1999; Asselman and Van Wijngaarden, 2002; Middelkoop and Van der Perk, 1998) . For this study, TP was assumed to move with SS, thus one value of E was utilized for both SS and TP.
To elucidate the effects of channel adjustment on floodplain inundation frequency and floodplain SS and TP storage, the series of discharge profiles were run in both the 1998 and 2014 HEC-RAS models. Model outputs were used to quantify longitudinal floodplain discharge (m 3 s −1 ), width of floodplain inundation (m), floodplain inundation areal extent (m 2 ), floodplain inundation volume (m 3 ), and the resulting SS and TP floodplain storage masses (Mg) for between-model comparisons. An out-of-bank flow event presented the opportunity for model verification in June, 2018. Following the event, researchers quantified areal flood extent for a 1.6 km (longitudinal) stream reach using handheld GPS, with physical flood evidence (e.g., debris accumulations, vegetation disturbance) as the basis for delineation. The June, 2018 areal extent boundary was then compared with HEC-RAS model results for an event of equal discharge (Fig. 11, Supplementary material) .
Laboratory and statistical methods
Stormflow surface water samples were collected as grab samples at the watershed outlet stream gauging station by USDA-ARS staff and analyzed for SS and TP at the USDA-ARS National Laboratory for Agriculture and the Environment (NLAE). Analysis for SS was performed by whole sample gravimetric analysis (ASTM, 2000) . Analysis for TP was performed using persulfate digestion, with P concentrations determined by colorimetric analysis using a spectrophotometer.
Simple linear regression and the Mann-Kendall trend test were performed on flow duration curve data to detect any temporal trends in the hydrologic regime (Helsel and Hirsch, 2002) . Suspended sediment and TP rating curve predictive equations were developed using simple linear regression methods outlined in Rasmussen et al. (2011) . Regression analysis utilized log (base 10) transformations of both explanatory (i.e., discharge) and response variables (i.e., SS, TP), as well as Duan's bias correction factor (Duan, 1983) . Wilcoxon signed-rank tests were used to test for differences in overbank parameter outputs between the 1998 and 2014 models. All statistical procedures were performed using R v. 3.4.1 (R Core Team, 2017).
Results
Channel dimensions
Surveyed channel cross sectional area increased by 16.8% between 1998 and 2014, with the majority (76%) of cross sections exhibiting degradation and widening (Fig. 2) . Change at individual cross section transects between 1998 and 2014 ranged from −12.8% (i.e., decrease in area) to N60% (Fig. 3) . Mean cross section width (top bank) increased by 9.5% from 1998 (10.5 m) to 2014 (11.5 m), and mean depth to thalweg (i.e., distance from top bank to channel bed at thalweg) increased 9.4% from 1998 (2.71 m) to 2014 (2.97 m). Cross section mean width/depth ratio was nearly identical (~3.9) for both years, with 1998 ratios ranging from 2.71 to 7.75, and 2014 ratios ranging from 2.8 to 5.8. For both years, cross section characteristics of depth to thalweg, width, and cross sectional area generally increased with distance downstream (i.e., drainage contributing area). Width/depth ratio, however, exhibited no longitudinal spatial trend (i.e., systematic change in the upstream or downstream direction) during either year. Change in channel cross section characteristics (i.e., width, depth, width/depth ratio, and area) between 1998 and 2014 also lacked an observable spatial pattern.
Hydrology
Linear regression (p b 0.001, b 1 =3.61 × 10 −7 ) and Mann-Kendall (τ = 0.016, p b 0.001) tests for trend indicate an increase in mean hourly discharge between years 1995 and 2017. In contrast, visual analysis of 5-year period FDCs (Fig. 4) suggests lack of a systematic temporal trend in hydrologic regime between 1995 and 2017. In addition to the visual analysis suggesting no meaningful change in hydrologic regime between 1995 and 2017, the slope for the increase in threshold majority discharge between 1998 and 2014 (2.52 × 10 −5 ) was~115 times greater than the mean hourly discharge slope detected in trend analyses.
The discharge-area relationship used to scale watershed outlet discharges to discharges at individual cross sections was validated using the upstream gauging station FDC, and included 18 upstream gauging station discharges ranging from 0.005 to 32.7 m 3 s −1 (R 2 = 0.98, RMSE = 2.7). Discharge-area predictions for the upstream gauging station location fell within 5.5% of gauge-measured mean discharges, and thus the discharge-area scaling technique was determined to be an acceptable means of estimating cross section discharge.
Channel-floodplain lateral connectivity
Overbank threshold discharges
Bankfull threshold discharges were found to increase between 1998 and 2014 ( Fig. 5 ). As described in Section 2.3.2, the overbank threshold discharge was defined as the discharge required to initially force streamflow to exit the channel and enter the floodplain on at least one side of the channel. Minimum discharge (i.e., mean hourly watershed outlet discharge at which only one cross section remains overbank) increased 28.9% between 1998 (14.9 m 3 s −1 ) and 2014 (19.2 m 3 s −1 ) (Fig. 6 ). Majority discharge (i.e., mean hourly watershed outlet discharge required to produce overbank flow at N50% of cross-sections) increased 14.9% between 1998 (24.2 m 3 s −1 ) and 2014 (27.8 m 3 s −1 ). Maximum discharge (i.e., mean hourly watershed outlet discharge required to produce overbank flow at 100% of cross sections) exhibited the lowest degree of change (12.9% increase) between 1998 (62.9 m 3 s −1 ) and 2014 (71.0 m 3 s −1 ).
The increase in threshold discharges represent shifts to lower (i.e., less frequent) threshold percent exceedances on the flow duration curve, with the majority discharge percent exceedance decreasing from 0.125% (1998) to 0.1% (2014) (Fig. 7) . Minimum discharge percent exceedance decreased from 0.25 to 0.175% between 1998 and 2014, and maximum discharge percent exceedance decreased from 0.0021 to 0.0011% over the same time period.
Floodplain storage trends
Trends in floodplain storage were evaluated by comparing the individual HEC-RAS flow simulations of all discharge profiles. Floodplain inundation volume (m 3 ) outputs for the 1998 HEC-RAS model were N2014 model outputs (Fig. 8a.) for all discharge profiles (Table 1) . Across all discharge profiles, main stem floodplain inundation volume ranged from 90 m 3 to 489,120 m 3 (mean = 156,738 m 3 ) for the 1998 model, and from 30 m 3 to 387,890 m 3 (mean = 98,460 m 3 ) for the 2014 model. This equates to a decrease of 58,278 m 3 (−37.2%) in mean volume between years. It should be noted that these values do not represent rates, but are individual data points used for comparison of overbank inundation between models. Predicted main stem floodplain inundation surface area (m 2 ) was also greater for the 1998 (Fig. 8b.) , with outputs from all discharge profiles ranging from 2470 m 2 to 798,690 m 2 (mean = 315,833 m 2 ) compared to the range of 20 m 2 to 694,870 m 2 (mean = 205,084 m 2 ) for the 2014 model. This equates to a decrease of 110,749 m 2 (−35.1%) in mean surface area between years.
The proportions of the floodplain experiencing inundation at individual cross section transects (normalized by floodplain width) were found to be significantly greater in 1998 than in 2014, for the top 6 (i.e., low frequency) discharge profiles (0.0005 b p b 0.05) ( Fig. 9 ). No significant difference was detected between 1998 and 2014 for the bottom 3 (i.e., most frequent) discharge profiles (0.58 b p b 0.59).
The 1998 model predicted greater watershed-scale flux of SS and TP to floodplain storage for all discharge profiles compared with the 2014 model ( Fig. 10) . For all discharge profiles, flux of SS to floodplain storage ranged from 9 Mg hr −1 to 2700 Mg hr −1 (mean = 950 Mg hr −1 ) for the 1998 model, and from 0.07 Mg hr −1 to 2355 Mg hr −1 (mean = 659 Mg hr −1 ) for the 2014 model ( Fig. 10 a. ). This equates to a decrease of 291 Mg hr −1 (−30%) in mean SS mass storage rate between years. Predicted TP flux to floodplain storage ranged from 7.5 × 10 −3 to 1.7 Mg hr −1 (mean = 0.62 Mg hr −1 ), and from 5 × 10 −5 to 1.5 Mg hr −1 (mean = 0.42 Mg hr −1 ) for the 1998 and 2014 models, respectively (Fig. 10b.) . This equates to a decrease of 0.2 Mg hr −1 (−32%) in mean TP mass storage between years.
When estimated rates of floodplain storage were applied to all FDC discharges greater than respective overbank discharge thresholds, the 1998 model predicted an annual flux of 3787 Mg SS and 2.64 Mg TP to floodplain storage along the entire~10 km of Walnut Creek's main stem. The 2014 model predicted annual fluxes of 1489 Mg (SS) and 1.0 Mg (TP), which represent decreases of~61 and~62% from 1998 estimations.
Mean model-estimated floodplain trapping efficiency (across all profiles) decreased~7% between 1998 (44%) and 2014 (41%). Floodplain trapping efficiency (E) was calculated using Eq. (3), in which area (A) of floodplain inundation extent (m 2 ) is a significant driver of trapping efficiency.
Discussion
Channel adjustment
Walnut Creek's main stem increased in cross sectional area by an average of 16.8% (2.91 m 2 ) between 1998 and 2014, which equates to an average annual rate of~1% (0.18 m 2 yr −1 ). Width and depth mean annual increases were 0.06 and 0.02 m yr −1 , respectively. Although a limited number individual cross sections exhibited a decrease or negligible change in cross sectional area during that time period (Fig. 4) , a clear pattern of degradation and widening is present along Walnut Creek's main stem.
Rates of channel dimensional change in Walnut Creek are lower than those reported in other loess-derived alluvial channels in the United States. Hamlett et al. (1983) reported a 43% increase (0.29 m 2 yr −1 ) in channel cross sectional area over a 16 year period (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) in the Four Mile Creek watershed, Iowa. Four Mile Creek has similar land area (5050 ha), floodplain soils (alluvial silt and clay) and disturbance impact (land cover alteration, channelization) as Walnut Creek, however, cross sectional measurements in Four Mile occurred much closer, temporally, to its reported period of maximum channel disturbance (mid to late 1970s). It is of note that Four Mile Creek rates of change recorded prior (i.e., mid to late 1960s) to the period of maximum disturbance more closely resembled rates reported for Walnut Creek. In the Tarkio River watershed in western Iowa, (Simon and Rinaldi, 2013) reported 6-8 m of bed degradation over a period of~100 years for loess derived alluvial channels, and an associated increase in channel width of 31 m. Similar to Four Mile Creek, the greatest rates of channel change occurred in the period immediately following maximum disturbance, with subsequent non-linear decreases in rate with time. Simon (1989) reported mean channel widening rates of 0.17 to 2.2 m yr −1 , and a maximum bed degradation of 6.1 m for loess-derived alluvial channels in western Tennessee. These changes were observed approximately 5-24 years following the period of significant disturbance in study watersheds (i.e., wide spread channelization).
Rates of change in bed degradation in the Iowa and Tennessee studies follow a pattern of non-linear adjustment following disturbance (Schumm and Lichty, 1965; Graf, 1977) . In other words, rates of change are greatest immediately following disturbance, and decrease nonlinearly (i.e., power function) along an asymptote approaching critical stream power (b 1 =0) as time from disturbance increases (Simon, 1989, Fig. 2) . This pattern has been observed in a number of studies focused on channel response to disturbance (e.g., Williams and Wolman, 1984; Hadish et al., 1994; Heine and Lant, 2009 ). It should be noted that the pattern of non-linear adjustment is associated with bed degradation, and not overall increase in channel cross sectional area. However, bed degradation is the primary driver of channel evolution, and widening does not occur until a critical point of incision is reached (i.e., point where banks become too tall to remain stable). Thus, a link does exist between degradation and channel cross sectional area increase (i.e., combination of degradation and widening).
In light of this, time since disturbance could be one reason why Walnut Creek rates are lower than other studies conducted in loess-derived alluvial channels. Walnut Creek measurements occurred between 1998 and 2014,~40 to 80 years following period of maximum disturbance. Schilling and Drobney (2014) hypothesized that downcutting of Walnut Creek into its floodplain probably began to occur soon after settlement, and an early report of Walnut Creek indicated that by 1905, the channel had already undergone "considerable downcutting" (Williams, 1905) . Since cross section data pre-1998 are lacking for Walnut Creek, it may be assumed that the channel is currently within the near-zero slope region (i.e., b 1 approaching 0) of the non-linear adjustment curve and although change in channel dimension is apparent, it is occurring at lesser rates than studies that report results closer, temporally, to respective periods of maximum disturbance.
In addition, rates of channel adjustment may be impacted by the presence of the Gunder member. As mentioned in Section 2.1.2, the Gunder member represents the channel bed and streambank toe along a majority of Walnut Creek's length. The Gunder is characterized by a relatively high bulk density (1.6 g cm −3 ) and a mean clay content of 21% (Beck et al., 2018) . Gunder critical shear stress (i.e., threshold stress applied by flowing water required to initiate erosion) has been documented as ranging from 10.4 (Layzell and Mandel, 2014) to 34.8 Pa (Beck et al., unpublished hydraulic flume data). In addition, Thomas (2009) documented the Gunder as having a relatively high mechanical shear strength (i.e., threshold force required for material deformation), ranging from 435 to 711 Pa. Thus, the Gunder possesses an inherent degree of resistance to fluvial erosion. The erosion resistance may be enhanced further for channel bed Gunder, as permanent saturation from streamflow may nearly eliminate the freeze-thaw and wetdry cycles that would weaken exposed Gunder (Hooke, 1979; Couper and Maddock, 2001) . Thus, in Walnut Creek, the Gunder may act to regulate the degree of degradation and downcutting (Simon and Rinaldi, 2013) , as opposed to Tarkio Creek and western Tennessee streams where deep loess deposits and lack of base level control promote unrestricted channel degradation. It is of note that Walnut Creek discharges to Red Rock reservoir approximately 10 km downstream of the watershed outlet gauging station, and thus a stabilized outlet elevation exists.
If Walnut Creek is in fact within the near-zero slope region of the non-linear adjustment curve, it may be further evidence for Stage IV of channel evolution (Simon, 1989) . The assumption of Stage IV is supported by streambank angle (i.e., 70-90 degrees for vertical bank face, 25-50 degrees for upper bank), channel width/depth ratio (~3.9), and channel change (i.e., degradation and widening) data as well as visual evidence from the watershed (i.e., mass wasting).
Channel-floodplain connectivity
A simplistic uniform flow analysis (Eq. (1)) was used to predict the relationship between the 1998 and 2014 threshold overbank discharges. Eq. (1) inputs of λ (1.096) and θ (1.095) were derived from field measurements of mean cross section depth and width change between 1998 and 2014. Using these field-derived inputs, Eq. (1) predicted the relationship between 1998 and 2014 threshold overbank discharges to be 1.27. In other words, using strictly Manning's equation and field measured data of cross section width and depth change, the threshold overbank discharge was predicted to increase by 27% between 1998 and 2014.
Using the same field data as inputs, HEC-RAS outputs predicted increases in minimum, majority, and maximum threshold discharges of 28, 15, and 13%, respectively, between 1998 and 2014. Compared with the Manning's results, HEC-RAS predicted smaller increases in maximum and majority threshold discharges between 1998 and 2014. These differences likely reflect non-uniform flow effects and highlight the value of numerical hydraulic models such as HEC-RAS for inundation and sedimentation studies.
In general, connectivity between Walnut Creek and its floodplain decreased between 1998 and 2014. In 2014, flow events of greater discharge, and thus lower frequency of occurrence, would be required to maintain the same degree of floodplain connection (i.e., inundation volume, areal extent, SS and TP flux) observed in 1998. The mean increase in channel cross sectional area of 2.91 m 2 over the 16 year period was associated with a number of model-predicted changes to channelfloodplain connectivity in the Walnut Creek watershed. The minimum, majority, and maximum overbank threshold discharges all increased in magnitude, and decreased in percent exceedance (i.e., became less frequent) as more water was able to be conveyed within the channel. Majority discharge, for example, increased at an average rate of 0.23 m 3 s −1 per year, while cross sectional area increased by an average of 0.18 m 2 per year. In 2014, the difference between majority discharge and minimum discharge was 8.54 m 3 s −1 . Using annual rates of change for majority discharge (0.23 m 3 s −1 ) and cross sectional area (0.18 m 2 ), it would take an increase in channel cross section area of 6.72 m 2 to shift the 2014 majority discharge to the level of 2014 minimum discharge. At the current rate of channel enlargement (0.18 m 2 yr −1 ),~37 years would be required for the current majority discharge (27.75 m 3 s −1 ) to become the minority discharge, at which~50% of the Walnut Creek floodplain would lose connection with its channel for a significant portion of the flow regime (i.e., lower flows). Until large stretches of Walnut Creek's channel transition to stage V (aggradation), connectivity between the channel and floodplain will continue to decline.
For each observed 1 m 2 increase in channel area between 1998 and 2014, mean rate of SS flux to floodplain storage was observed to decrease by 100 Mg hr −1 , and mean rate of TP flux was observed to decrease by 0.07 Mg hr −1 . If instead of being diverted into floodplain storage, 100% of these SS and TP masses were exported from the watershed with streamflow, each 1 m 2 increase in channel area would increase watershed export of SS by 100 Mg hr −1 , and watershed export of TP by 0.07 Mg hr −1 . At the observed rate of channel enlargement (0.18 m 2 yr −1 ), it would take~5.5 years for the channel cross sectional area to increase by 1 m 2 .
Floodplain trapping efficiency decreased~7% between 1998 and 2014. This may have been primarily driven by the observed decrease in floodplain inundation surface area between years. The method used to estimate floodplain trapping efficiency (Eq. (3)) is sensitive to areal extent of floodplain inundation (A). In 1998, flows inundated a greater proportion of the floodplain (i.e., larger A) ( Fig. 9 ) with shallow water, which promoted sediment deposition. During 2014, however, flows lacked the inundation extent seen in 1998 (i.e., smaller A), and an increased proportion of flows (especially for lower discharges) were confined to the channel margin area. These flows were bound between natural levees with no opportunity to spread across the floodplain. While these flows were in fact overbank, their confinement to the channel margin resulted in lesser areal extent and higher velocities (i.e., conditions that reduce sediment settling) than flows observed in 1998.
A number of assumptions were made during this study, many of which may have influenced results. It should be restated that our HEC-RAS models were run under steady flow conditions (i.e., no change in discharge with time). Steady flow conditions are rare in the environment, however, as watersheds are continuously responding to inputs of precipitation and other hydrological factors. Because our models were run under steady flow conditions, we were unable to resolve discharge transients that would likely be important in the floodplain inundation pattern and sequence. Unsteady models driven with observed hydrographs could yield more spatial and temporal detail in overbank flow paths and flow depths, and may affect the extent and duration of overbank flows. The use of a steady model, however, provides an upper bound to the real extent. Moreover, since this idealization of the problem affects both the 1998 and 2014 model scenarios, the change in inundation extent over time should be less affected by the idealization. Furthermore, since our overall objective was to assess change in overbank frequency and volume accompanying channel change, the assumption of steady flow would be expected to have similar results in both 1998 and 2014 models. Steady state models are recognized as an appropriate tool for a range of watershed management efforts, notably flood risk assessment (Bales and Wagner, 2009; Gilles et al., 2012) . Development of new utilizations of these practical tools addresses a great need for development of simplistic approaches to investigate and quantify channel-floodplain lateral connectivity at the watershed scale (Newson and Large, 2006; Soar et al., 2017) , as well as watershed scale sediment and TP dynamics.
We used a single representative suspended sediment grain size to estimate floodplain trapping ability (Eqs. (3), (4) ). The relationship between model-estimated floodplain storage and D 50 was found to vary across a range of grain sizes (2 μm-250 μm). Floodplain storage sensitivity increased with decreases in D 50 , with the greatest sensitivity observed within the fine silt range (i.e., 2-10 μm). Within the fine silt range, each 1 μm increase in D 50 resulted in a N100% increase in floodplain storage. For the 20-60 μm range, however, each 1 μm increase in D 50 only increased mass flux by an average of~5%. As the 20-60 μm range is thought to be a realistic selection range for suspended sediment D 50 , especially for studies such as this, D 50 should be recognized as having slight to moderate impacts on storage results.
If a finer D 50 (i.e., b30 μm) were selected, both models would have experienced decreases in SS mass flux to floodplain storage. However, the 2014 model would have seen a disproportionately greater effect, as observed flow characteristics (i.e., propensity of flows to be confined within channel margin and not spread over floodplain) did not promote settling of SS. Spatially, both models would have predicted greater accumulations of SS further (laterally) from the channel margin with a finer D 50 . If a coarser D 50 were selected (e.g., to more closely mimic the flocculated nature of suspended material), both models would have seen increases in SS mass flux to floodplain storage. For both models, the near channel area would experience increased SS deposition, as the shear zone and steep velocity gradient present in that area promotes settling of large particles. This may lead to the growth of natural levees.
Precipitation and discharge have increased within the Midwest U.S. over the past~80 years (Andresen et al., 2012; Zhang and Schilling, 2006) , and this trend may have implications for channel morphology. However, although trend analyses detected a minor increase in mean hourly discharge between 1995 and 2017, we assumed hydrology to be stationary for the purposes of this study. Although the 2007-2012 FDC data (green line, Fig. 4 ) include three exceptionally wet years (i.e., 2008, 2009, 2010) , during which numerous mean hourly discharges N40 m 3 s −1 were recorded at the watershed outlet (b0.028% exceedance for 1995-2017 data period), visual analyses of FDC data indicate no systematic increase in discharge. In addition to the visual analysis suggesting no meaningful change in hydrologic regime between 1995 and 2017, the slope for the increase in threshold majority discharge between 1998 and 2014 (2.52 × 10 −5 ) was~115 times greater than the mean hourly discharge slope detected in trend analyses. This suggests that the detected increase in streamflow most likely had a negligible impact on the change in channel conveyance, as compared to change in conveyance brought about by cross sectional area change. In addition, the regression analysis included all parts of the FDC, including baseflow. While it may be possible that the changes in lower magnitude flows, which have no chance of accessing the floodplain, account for the statistical trend, they can't account for the top of bank threshold discharge brought about by cross sectional area change accompanying channel evolution.
Lastly, we assumed that 100% of stormflow TP occurred as particulate-P, and thus depositional mechanisms of TP would be identical to those of SS. While dissolved P (i.e., orthophosphate) has been documented as being a significant contributor to the annual TP loads of Iowa watersheds (Schilling et al., 2017) , we would expect particulate-P to be the dominant contributor to stormflow TP (Gentry et al., 2007) , especially during events large enough to produce overbank flow (Sharpley et al., 2008) . The assumption of particulate-P dominance in Walnut Creek storm flow is supported by unpublished grab sample data collected at the watershed outlet, where orthophosphate represented, on average,~19% of storm flow TP. It is not unreasonable to assume that a large proportion of dissolved-P in overbank flow would not be trapped on the floodplain, but instead reenter the channel with flow at points downstream. Thus, if we were to account for dissolved-P contributions to TP, mass flux of TP to floodplain storage would be expected to decrease for both models.
Implications
Previously reported annual loads of SS at the Walnut Creek watershed outlet gauging station (Fig. 1) have ranged from 2625 to 16,693 Mg for calendar years 1998 through 2000 (May et al., 1999; Nalley et al., 2000; Nalley et al., 2001; Nalley et al., 2002) , and from 6172 to 25,815 Mg for calendar years 2005 through 2011 (Palmer et al., 2014) . Schilling et al. (2006) reported annual loads of TP that ranged from 1.7 to 9.0 Mg for calendar years 2000-2005. As reported in Section 3.3.2, HEC-RAS predicted reductions in annual overbank floodplain storage of 2298 Mg (SS) and 1.63 Mg (TP) between the 1998 and 2014 models. These masses would no longer enter the floodplain storage pool, and would remain confined to the channel, where they may exit the watershed and contribute to watershed SS and TP export. If we consider the maximum reported annual loads of SS (25,815 Mg) and TP (9 Mg), the estimated reduction in export due to change in floodplain storage may increase SS and TP export by~9 and 18%, respectively. In addition to loss of storage, higher discharges confined to the channel may have greater stream power, resulting in further enhancement of SS and TP export through accelerated bank and bed erosion.
For the main stem of Walnut Creek, streambank erosion contributions to SS loads have been documented for the years 2005-2011 (Palmer et al., 2014) . Over study duration, streambank erosion contributions of SS ranged from −151 (i.e., accretion on banks) to 9921 Mg yr −1 (mean = 5299 Mg yr −1 ). In addition, Beck et al. (2018) estimated streambank contributions of both SS and TP between May 2015 and May 2017. Streambank erosion contributions of SS were 2900 and 860 Mg for the first and second years, respectively, while contributions of TP were 0.65 and 0.23 Mg, respectively. For most years, annual estimated fluxes of SS to floodplain storage were less than streambank contributions. From these results, it can be assumed that the floodplain along Walnut Creek's main stem generally acts as a net source of SS to streamflow, and this source will increase further as channel evolution progresses.
The reduction in overbank storage provides a "1-2 punch" for watershed export, as both a storage opportunity is lost and stream power is increased. In addition, the resulting increases to watershed SS and TP export from in-channel sources may mask water quality improvements derived from edge-of-field and in-field conservation practices (Walling, 1983; Trimble and Crosson, 2000) . This "1-2 punch" may be mitigated to some extent by implementing in-channel practices that act to reduce conveyance and enhance the channel-floodplain connection (e.g., reintroduced meandering, in-channel large wood, increased beaver (Castor canadensis) populations). The authors are aware, however, of the challenges these potential mitigation strategies may present in agricultural regions.
Conclusions
This study combined channel cross section field measurements with HEC-RAS modeling to investigate changes in floodplain inundation and storage within the context of channel geometry change in Walnut Creek, Iowa. Field observations indicate a 16.8% increase in channel cross sectional area over a 16 year period (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) . Model results suggest that the increase in channel cross sectional area was associated with increases in overbank discharge thresholds (i.e., discharges required to force flow to exit channel and enter floodplain), significant decreases in annual floodplain inundation volume and areal extent, as well as decreases in annual fluxes of SS and TP to floodplain storage of~61 and~62%, respectively.
The modeled reduction in floodplain storage potential with a growing channel cross section may have significant implications on SS and TP loads exiting the Walnut Creek watershed. Estimated reductions in annual floodplain storage between the 1998 and 2014 models may represent an apparent increased contribution to annual SS and TP watershed export of~9 to 18%, respectively. In addition, reduction in floodplain inundation results in a greater volume of water confined to the channel during flow events. The resulting increase in stream power may accelerate bed and bank erosion, further contributing to SS and TP export.
Cross section data (e.g., dimensional change, bank angles) and field observation of processes (i.e., mass wasting) indicate that the main stem of Walnut Creek is predominately in stage IV (i.e., degradation and widening) of channel evolution. Thus, the degree and frequency of floodplain inundation, as well as flux of SS and TP to floodplain storage are expected to decrease further as the channel continues to degrade and widen in progression towards stages V and VI. Contributions to watershed loads from loss of floodplain storage opportunities, and potentially increased bed and bank contributions from increased stream power, may mask SS and TP reductions achieved through edge of field practices. Because of these factors, it is critical that stage and progression of channel evolution be taken into consideration when addressing sediment and phosphorus loading at the watershed scale.
Supplementary data to this article can be found online at https://doi. org/10.1016/j.scitotenv.2019.01.038.
